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 The view that various visual word recognition processes are automatic in the sense that 
they are ballistic, intention free, unconscious, and capacity free, dominates the reading literature. 
Though results from multiple studies contradict the automatic perspective, its prevalence 
continues to this day. The present experiments address the automaticity of semantic activation 
from print by exploring whether it is (a) capacity limited, (b) requires intention, and (c) whether 
it is subject to performance optimization. First, I examine standard and semantic Stroop effects in 
the context of two Psychological Refractory Period Paradigm (PRP) experiments to address the 
issue of whether semantic activation from print is capacity limited. Included in these experiments 
is an SOA Proportion manipulation that has been proposed to encourage a strategic adoption of 
either parallel or serial processing (Miller, Ulrich, & Rolke, 2009). The results of the PRP 
experiments support the conclusion that semantic activation is, contrary to the wide spread view 
in the literature, capacity limited, and provide evidence that performance optimization plays a 
role in this paradigm, despite it not interacting with Congruency. Next, the same Stroop and SOA 
Proportion manipulations were employed in the context of the Task Set Paradigm to determine 
whether semantic activation from print requires intention, and whether performance optimization 
plays a role in this context. The results differed from those obtained in the PRP experiments; 
SOA Proportion modulated the SOA x Congruency interaction. To determine what drives the 
different results obtained using the PRP and Task Set paradigms, the final three experiments 
utilized a combination of these two paradigms. Combined, the results of these 7 experiments 
suggest that (1) semantic activation is capacity limited, (2) semantic activation requires intention, 
(3) strategic processes play a role in semantic activation, and (4) the overt response to the tone 
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Chapter 1: Introduction 
 A central issue in cognitive psychology is the distinction between controlled and 
automatic processing, as is reflected in many cognitive psychology textbooks (Ashcraft & Klein, 
2010; Eysenck & Keane, 2015; Galotti, Fernandes, Fugelsang, & Stolz, 2010; Goldstein, 2011; 
among others). Controlled processes (1) require various forms of attention, (2) require intention, 
(3) are capacity limited, (4) are subject to interference from other processes, and (5) are 
conscious, whereas automatic processes (1) do not require attention (2) do not require intention, 
(3) are capacity free, (4) cannot be interfered with by other processes, and (5) are unconscious 
(see Brown, Gore, & Carr, 2002; Logan, 1988; Posner & Snyder, 1975; Shiffrin & Schneider, 
1977; among many others).  It is commonly assumed that, over time, skills that are practiced 
become automatic in these aforementioned senses (LaBerge & Samuels, 1974; Posner & Snyder, 
1975; Shiffrin & Schneider, 1977). 
The belief that habits and well-practiced skills are automatic in many ways is by no 
means new (Bryan & Harter, 1899; Cattell, 1886; James, 1890; Thorne, 1955). This supposition 
has been applied to both motor skills and cognitive skills in a variety of cognitive research areas. 
Of particular importance for the present investigation is the pervasiveness of the automatic 
processing perspective in the reading literature. Specifically, my interest rests in the suggestion 
that semantic activation from print is automatic.  
Visual Word Recognition 
The dominant view in visual word recognition research is that semantic activation from 
print is automatic in a variety of senses (e.g., Augustinova & Ferrand, 2014; Brown, Gore, & 
Carr, 2002; Neely, 1977; Neely & Kahan, 2001; Posner & Snyder, 1975; among many others). 




intention, is ballistic (i.e., once initiated it cannot be stopped), occurs without conscious 
awareness, cannot be interfered with by other processes, and is capacity free (i.e., it does not 
require attentional resources).  
Although the automatic processing view is widely held (Eysenck & Keane, 2015; Galotti, 
Fernandes, Fugelsang, & Stolz, 2010; MacLeod, 1991; Reisberg, 1997) there is a small literature 
whose results conflict with the conclusion that semantic activation from print is automatic (e.g., 
Baror & Bar, 2016; Besner, 2001; Besner & Reynolds, 2016; Besner, Risko, & Sklair, 2005; 
Besner & Stolz, 1999; Fagot & Pashler, 1992; Heyman, Van Rensbergen, Storms, Hutchison, & 
De Deyne, 2015; Labuschagne & Besner, 2015; Lachter, Forster, & Ruthruff, 2004; Lien, 
Ruthruff, Kouchi, & Lachter, 2010; Robidoux & Besner, 2015; Waetcher, Besner, & Stolz, 2011; 
among others). However, evidence that contradicts some of the main tenets of the automatic 
view has not shifted the dominant view: semantic activation in the context of visual word 
recognition is still purported to be automatic. Given the dominance of this perspective, it is 
surprising how little research has been conducted to address whether the key tenets of 
automaticity apply to the various stages of word processing. 
The goal of my dissertation is to offer evidence that aims to further address this gap in the 
literature, as well as to discuss the potential role of performance optimization in the processes 
that underlie visual word recognition. Since the automatic criteria used by researchers is varied, 
and a process may be automatic in some ways and not others, it is difficult to assess all of the 
tenets of automaticity at once (e.g., Bargh, 1989). Instead, these criteria can be investigated 
individually to determine which characteristics of automaticity are true of a particular process 




activation is capacity free, occurs without intention, and whether it can be interfered with by 
other processes (specifically, performance optimization).  
 
Stroop Tasks 
All of the experiments discussed here make use of the Stroop task (which uses color 
words, e.g., blue; Stroop, 1935) as well as a variant in which semantic associates are employed 
(e.g., sky which is associated with the color blue; Dalrymple-Alford, 1972; Klein; 1964; Risko, 
Schmidt, & Besner, 2006). Example stimuli from both of these tasks are shown in Figure 1. 
Standardly, participants in the Stroop task are required to name the color a word is presented in 
while ignoring the color carrier word. For both Stroop variants, participants are slower to 
respond on incongruent trials (trials on which the color carrying word does not match the color 
that it is presented in, or is not associated with the color that it is presented in) than on neutral 
trials (trials on which the color carrying word is not a color word or color-associated word) or 
congruent trials (trials on which the color carrying word matches the color that it is presented in, 
or is associated with the color that it is presented in).  
 





















These Stroop effects are often taken as strong evidence favoring automaticity (e.g., see 
MacLeod’s 1991 review; see also textbooks such as Ashcraft & Klein, 2010; Eysenck & Keane, 
2015; Galotti, Fernandes, Fugelsang, & Stolz, 2010; Goldstein, 2011). Indeed, Logan (1988, p. 
511) asserts that “the major evidence for automatic processing comes from Stroop and priming 
studies, in which an irrelevant stimulus influences the processing of a relevant stimulus”, and as 
Brown, Gore, and Carr (2002, p. 220) state “…the assumption of automated word recognition in 
the mature reader is the ‘standard’ or ‘received’ view in cognitive science, in part because of the 
impact exerted by results from the Stroop task.” The argument that Stroop effects reflect 
automatic processing is based on the idea that participants should not process the irrelevant color 
word when it interferes with performance, yet they do so because they cannot prevent the 
automatic processing of the word. 
The importance of employing both Stroop tasks results from issues associated with 
drawing inferences from examining the standard Stroop effect in isolation. The standard Stroop 
effect does not only reflect semantic level competition; there is also a large response competition 
component (Augustinova & Ferrand, 2014; Manwell, Roberts, & Besner, 2004). As is shown in 
Figure 2, the semantic component of the Stroop effect is often between 10 and 30 ms, whereas 
the response competition component is often 100 ms or greater. Given the much larger effect of 
response competition, as compared to the effect of semantic competition (at least when the 
response set includes the irrelevant color word), changes in the size of the semantic component 
of the standard Stroop effect might not be evident. If a particular manipulation affects only the 
semantic competition component, and this component is absorbed into the much larger response 




Stroop effect. This makes it difficult to interpret the results obtained using this task as a 
reflection of processing at the semantic level. 
	  
Figure 2. A depiction of the size of the semantic competition component of the Stroop  





 It should also be noted that all of the present experiments use only incongruent and 
neutral items for both Stroop manipulations. In the context of the standard Stroop task, this 
avoids participants adopting a strategy in which they read the words to benefit performance on 
congruent trials (in which the color carrying word matches the color that it is presented in). 
















Throughout my dissertation, I discuss whether there is evidence that two factors are 
additive, or whether they are under-additive. The importance of this distinction will be discussed 
in more detail in Chapter 2. For now, I would simply like to emphasize that the interpretation of 
results as additive or under-additive is central to the arguments being made here. For this reason 
I have included Bayesian analyses for the interactions of interest (Rouder, Speckman, Sun, & 
Morey, 2009) to supplement my repeated measures ANOVAs. The benefit of this type of 
analysis is that it provides a ratio of the strength of the evidence favoring the null, as compared 
to the strength of the evidence favoring the alternative hypothesis (something that cannot be done 
using a standard ANOVA). In other words, it will provide a ratio for the evidence in favor of the 
null hypothesis that there is no interaction (i.e., the factors are additive) versus the alternative 
that there is an interaction (i.e., the factors are under-additive). 
Present Investigation 
In three sets of experiments I investigate whether semantic activation from print is 
capacity limited, requires intention, and whether it is influenced by performance optimization. 
The two paradigms, which will be discussed in more detail in their respective chapters, used here 
are the Psychological Refractory Period Paradigm (which assesses capacity limitations) and the 
Task Set Paradigm (which assesses the role of intention). Both paradigms involve manipulating 
the stimulus onset asynchrony (SOA), so that two stimuli appear closer or further apart in time. 
The interpretation of the size of a manipulated factor as a function of decreasing SOA is what 
reveals whether a particular process is automatic in the context of these paradigms. 
Broadly speaking, I found that semantic activation from print is indeed capacity limited, 




from experiments that combine the PRP and Task Set paradigms reveal what drives the capacity 





Chapter 2: Is semantic activation from print capacity free? 
The first principle of automaticity that I will explore is that automatic processes are 
capacity free. This key idea of the automatic perspective is evident in early work by Logan 
(1985; 1997), among others. 
 
“Tasks that can be performed quickly, effortlessly [bold mine], and relatively 
autonomously are thought to be automatic and tasks that cannot are thought not to be 
automatic.” – Logan, 1985 (p. 368) 
 
“Automatic processing is effortless [bold mine]. Non-automatic processing is effortful. 
In everyday life, the effortless[ness] of automatic processing is apparent first as a sense of 
ease and second as the ability to do another task while performing an automatic one 
[bold mine].” – Logan, 1997 (p. 125) 
 
As was mentioned in the introduction, there is some evidence that is argued to contradict 
the automatic processing perspective. Some of this evidence comes from research using the 
Psychological Refractory Period (PRP) paradigm (Besner & Reynolds, 2016; Fagot & Pashler, 
1992; Magen & Cohen, 2002; 2010).  The PRP paradigm is useful in the present context because 
it can be used to determine whether a particular process is capacity demanding or not. I first 
briefly review this approach. 
The PRP Paradigm 
In a typical PRP experiment (see Pashler’s 1994 review), participants respond to two 




respond to S1 before responding to S2. The stimulus onset asynchrony (SOA; the time between 
the onset of S1 and the onset of S2) is manipulated, as is a factor associated with Stimulus 2 
processing. 
When the SOA between Tasks 1 and 2 is long, processing associated with S1 can finish 
before S2 is presented. This condition mimics single task experiments, and the effect of the 
manipulated factor should be the same size as when the task is being performed in isolation. In 
contrast, when the SOA is short, processing associated with S1 is still taking place when S2 is 
presented, which can create a processing bottleneck (capacity limitation) whereby processing of 
S2 must wait for some processing associated with S1 to finish. 
If the process associated with the manipulated factor in Task 2 is capacity limited, then 
we should see additivity of the manipulated factor and SOA on RT (i.e., the effect should be the 
same size in both the short and long SOA conditions). This pattern of results would imply that 
some processing of S2 was put on hold until processing of S1 was complete (it is standardly 
argued that such processing of S2 is structurally bottlenecked, resulting in serial processing as in 
Figure 3a; see Pashler, 1994).  In contrast, if the manipulated factor indexes a process that is 
capacity free, then we should see under-additivity of our manipulated factor and decreasing SOA 
(i.e., the size of the effect should decrease as SOA decreases). This pattern of results would 
imply that processing associated with S2 was absorbed into the slack created by the processing 
of S1 (i.e., that some element(s) of the two stimuli were processed in parallel, see Figure 3b). 
That said, this is an oversimplification, because such under-additivity depends on prior processes 
also being capacity free. Thus, additivity of some factor and SOA may only mean that some prior 




et al., 2009 for a case in which under-additivity implies both capacity free processing coupled 
with release from competition). 
Figure 3. A depiction of (a) additivity in PRP, and (b) under-additivity in PRP.  “A”  
represents the manipulated factor, “E” represents early processes, “C”      
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Investigations of the standard Stroop effect in the context of PRP have yielded additivity 
of Congruency and SOA, consistent with the inference that semantic activation from print is 
capacity limited (Fagot & Pashler, 1992; Magen & Cohen, 2002; 2010).  However, there are two 
potential issues with this interpretation. First, it is possible that the observed additivity of 
Congruency and SOA actually results from a prior process being bottlenecked (i.e., feature 
identification, letter identification, or word identification). This is not the case, however, as prior 
stages have been shown to be capacity free in skilled readers (see Besner et al, 2009; O’Malley, 
Reynolds, Stolz, & Besner, 2008; Reynolds & Besner, 2006). Second, recall the issue with this 
interpretation that was addressed in the introduction; the standard Stroop effect consists of both 
semantic and response competition components. Thus, there could be capacity free processing of 
the semantic component of the standard Stroop effect that, having been absorbed into the much 
larger response competition effect, goes undetected.  
Besner and Reynolds (2016) therefore conducted an experiment that included both 
standard and semantic Stroop items in the context of the PRP paradigm, so as to provide a clear 
answer to the question of whether semantic activation per se is capacity free or not. Their data 
replicated the observation that the standard Stroop effect is additive with SOA. Moreover, they 
also found the same pattern of results with semantic Stroop. These results suggest that semantic 
activation from print is indeed capacity limited in the sense of it being structurally bottlenecked. 
Performance Optimization 
 A different theoretical approach is seen in work by Miller, Ulrich, and Rolke (2009), who 
proposed that reports of additivity in the context of PRP do not force an interpretation couched in 




According to Miller and colleagues, since participants in PRP experiments are told to respond to 
both tasks as quickly as possible, they aim to improve performance by reducing their total 
response time (TRT). TRT is the sum of the time taken to respond to both tasks (i.e., the time 
from the onset of S1 to the response to S1, added to the time from the onset of S2 to the response 
to S2). Further, Miller and colleagues argue that serial processing of Tasks 1 and 2 is almost 
always optimal in PRP experiments. Their account also posits that parallel processing of 
elements in Tasks 1 and 2 is only optimal when (i) the SOA is short, (ii) there are more short 
SOA trials than long SOA trials, and (iii) total processing time is not much longer than what 
would be required to process serially.  
 Miller and colleagues (2009) investigated these ideas by manipulating SOA Proportion in 
the context of PRP. SOA Proportion was blocked, so that some blocks had more short SOA trials 
than long SOA trials (parallel processing is claimed to be more efficient), and others had more 
long SOA trials than short SOA trials (serial processing is claimed to be more efficient).  They 
found that there was a larger effect of SOA on RT2 in the Long Frequent (LF) condition (more 
long SOA trials than short SOA trials) than in the Short Frequent (SF) condition (more short 
SOA trials than long SOA trials). Additionally, RT1 was slower in the SF condition than the LF 










Figure 4. Evidence of performance optimization in PRP (a reproduction of Miller, Ulrich,  
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This pattern of results is what is expected if participants prepare for parallel processing 
when the short SOA is more likely, and for serial processing when the long SOA is more likely. 
These data are also argued to be inconsistent with a structural bottleneck account because that 
account predicts no effect of SOA proportion on RT1 or RT2.  
Miller and colleagues’ findings thus raise the possibility that additivity of factor effects in 
PRP may be the result of performance optimization rather than a structural bottleneck. However, 
it is important to note that Miller and colleagues (2009) did not follow up their study with an 
investigation of how the distribution of SOAs affects a manipulated factor in Task 2. The present 
studies therefore seek to determine whether prior demonstrations of additivity of Stroop 
Congruency and SOA in the context of the PRP paradigm reflect structural limitations, 
performance optimization, or both.  
To anticipate the present results, Miller and colleagues SOA proportion effect replicates, 
but so does the additivity of Stroop congruency in both the standard and semantic form. It 
therefore appears that some processes are structurally bottlenecked, whereas others are subject to 
performance optimization. More specifically, SOA Proportion does not affect the processes 




Experiment 1: Standard Stroop in the Context of PRP 
 The two tasks in this experiment were tone identification (Task 1) and color naming 
(Task 2). SOA Proportion was manipulated across blocks to determine whether the size of the 
standard Stroop effect varies as a result of which SOA is more likely. One block had more short 
SOA trials than long SOA trials (Short Frequent; 80% Short), and the other had more long SOA 
trials than short SOA trials (Long Frequent; 80% Long). Following Miller and colleagues’ 
(2009) logic, if previous reports of additivity of Congruency and SOA in the context of the PRP 
paradigm were the result of performance optimization, then the Long Frequent block (which is 
supposed to promote serial processing on short SOA trials) should yield additive effects of SOA 
and Congruency, and the Short Frequent block (which is supposed to promote parallel processing 
on short SOA trials) should yield an under-additive interaction between Congruency and 
decreasing SOA. In contrast, the structural bottleneck account predicts that additivity of 
Congruency and SOA should again be observed, despite an effect of SOA Proportion. 
 
Method 
Participants. Forty-eight undergraduate students from the University of Waterloo 
participated for course credit. Each participant was tested individually and had normal or 
corrected-to-normal vision, normal color vision, normal or corrected-to-normal hearing, and 
reported English as their first language. 
Stimuli. The stimulus set for Task 1 consisted of a high tone (1500 Hz) and a low tone 
(500 Hz). The stimulus set for Task 2 consisted of the neutral words keg, jail, table, and palace, 
(from Manwell, Roberts, & Besner, 2004) and the color words red, blue, green, and yellow. The 




0, 255), green, (RGB: 0, 128, 0), and yellow (RGB: 255, 255, 0). Items were presented in 
Courier New font size 18. All letters appeared in lower case and were uniformly colored for both 
neutral and color words. All of the color word trials were incongruent (e.g., red presented in 
blue) so as to remove any potential benefit from reading the word. 
Design. Experiment 1 consisted of three within-subject factors, SOA (50 ms vs. 1500 
ms); SOA Proportion (Long Frequent Condition – 80% long SOA, 20% short SOA vs. Short 
Frequent Condition – 20% long SOA, 80% short SOA), and Congruency (incongruent vs. 
neutral). SOA Proportion was blocked within subjects and counterbalanced for order across 
participants. Each block had 30 practice trials and 240 experimental trials. Both SOA and 
Congruency varied randomly from trial to trial. 
Apparatus. Task 2 stimuli were displayed on a 22-inch LG Flatron W2242TQ color 
monitor (29.5 cm high x 47.5 cm wide). The display had a refresh rate of 60 Hz and a resolution 
of 1680 x 1050 pixels. The auditory stimuli were presented with a set of Logitech X-140 2.0 
speakers. E-Prime 2.0 experimental software was used to present the stimuli and record data. The 
experiment was run on an Ultra Vault PC with an Intel® Core™2 Quad CPU @ 2.40 GHz 
processor. Participant responses were collected via an Altec Lansing microphone headset 
attached to a voice key assembly.  RTs were measured to the nearest millisecond.  
Procedure. Participants were seated approximately 70 cm away from a computer 
monitor. Each block started with 30 practice trials, followed by 240 experimental trials. Each 
trial began with the presentation of a fixation marker (+). The fixation marker remained on the 
screen for 500 ms. 500 ms after the offset of fixation, a 50 ms tone played over the speakers. 




press. The two response keys were “x” and “n”. Stimulus-response key correspondence was 
counterbalanced across participants.  
Either 50 or 1500 ms after the onset of the tone, a colored word appeared on the screen. 
Participants were told to name the font color of the word aloud and ignore the color carrier word. 
The stimulus remained on the screen until participants made a response. Following the 
participant’s response, the screen remained blank until the researcher coded the response as 
correct, incorrect, or a mistrial (i.e., the microphone triggered too early or too late). The fixation 
marker appeared 100 ms after the researcher’s response, indicating the beginning of the next 
trial. Participants were told to give priority to Task 1, in that they were to make a response to 




 Prior to data analysis, one participant was removed due to a failure to follow instructions 
(e.g., talking during trials). 5.9% of trials were removed due to microphone errors (i.e., the voice 
key triggered too early or too late), and 7.8% of trials were removed due to an error being made 
on either Task 1 or Task 2. Following error removals, trials that had RTs of less than 150 ms or 
greater than 3000 ms were removed (0.6% of the trials with correct responses were removed 
using these cutoffs). Trials that were more than 3 standard deviations from the mean in any given 
condition for Task 1 or Task 2 were also removed, resulting in the removal of 2.2% of trials with 
correct responses. The same cutoff (3 standard deviations) was also used to determine whether 
participants were error or RT outliers. The outlier removal procedure was identical in all of the 




error outliers and 2 RT outliers for Task 1, and 1 RT outlier for Task 2, leaving data from 39 
participants for further analysis. 
Task 1: Tone Identification 
Response Times 
First, to investigate whether Miller and colleagues’ (2009) results replicate, we looked at 
the SOA Proportion x SOA interaction (collapsed across Congruency).  There was a marginally 
significant main effect of SOA, F(1,38) = 4.00, p = .053, participants were slower to respond on 
short SOA trials (M = 763) than long SOA trials (M = 720), and a significant SOA Proportion x 
SOA interaction, F(1,38) = 14.54, p < .001 (see Figure 3). This pattern of results replicates 
Miller and colleagues’ Experiment 1, in which they also found a significant SOA Proportion x 
SOA interaction (p < .001), with RT1 increasing on the less frequently occurring SOA trials in 
each condition. Though RT1 was slower in the Short Frequent condition (M = 745) than in the 
Long Frequent condition (M = 737), as was reported by Miller and colleagues, the main effect of 













Figure 5. SOA Proportion x SOA interaction for Task 1 in Experiment 1. 





A three-way  ANOVA consisting of SOA Proportion (Long Frequent vs. Short Frequent) 
x SOA (Short vs. Long) x Congruency (Incongruent vs. Neutral) revealed no significant main 
effect of Congruency (F < 1), no significant SOA Proportion x Congruency interaction, F(1,38) 
= 1.92, p = .174, a marginally significant SOA x Congruency interaction, F(1,38) = 3.18, p = 
.082, and no significant SOA Proportion x SOA x Congruency interaction (F < 1). RTs for Task 
1 can be seen in Table 1. 
 
Table 1. Task 1 mean RTs and percent error by condition for Experiment 1. 
  RTs   % Error 
 
Long Frequent Short Frequent 
 
Long Frequent Short Frequent 
  50 1500 50 1500   50 1500 50 1500 
Incongruent 801 687 740 747 
 
4.2 2.4 3.2 1.6 
Neutral 772 689 738 757 
 
3.9 2.0 4.0 1.9 























 There was a significant main effect of SOA on Task 1 errors, F(1,38) = 22.27, p < .001. 
Participants made more errors when the SOA was short (M = 3.8%) as compared to when the 
SOA was long (M = 2%). There was no significant main effect of SOA Proportion, F(1,38) = 
1.77, p = .192, no significant main effect of Congruency (F < 1), no significant SOA Proportion 
x SOA interaction (F < 1), a marginally significant SOA Proportion x Congruency interaction, 
F(1,38) = 2.87, p = .098, no significant SOA x Congruency interaction (F < 1), and no 
significant SOA Proportion x SOA x Congruency interaction (F < 1, see Table 1). 
Task 2: Color Naming 
Response Times 
As with Task 1, I first looked at the SOA Proportion x SOA interaction (collapsed across 
Congruency). There was a significant SOA Proportion x SOA interaction on RT2, F(1,38) = 
24.70, p <  .001. Consistent with Miller et al.’s (2009) findings in their Experiment 3, RT2 was 
more affected by the SOA manipulation in the Long Frequent condition than in the Short 
Frequent condition. More specifically, RT2 was faster on short SOA trials in the Short Frequent 
condition (M = 1199), as compared to the Long Frequent condition (M = 1297, see Figure 6). 
This pattern of results is consistent with participants preparing for parallel processing (a 
processing mode which aims to benefit short SOA trials) in the Short Frequent condition, and 











Figure 6. SOA Proportion x SOA interaction for Task 2 in Experiment 1.  
        Bars represent 95% within-subjects confidence intervals. 
 
 
 I then conducted a three-way (SOA Proportion x SOA x Congruency) repeated measures 
ANOVA (see Table 2). There was a significant main effect of SOA Proportion, F(1,38) = 11.58, 
p = .002, participants were slower to respond in the Long Frequent condition (M = 1020) than in 
the Short Frequent condition (M = 972), a significant main effect of SOA, F(1,38) = 577.89, p < 
.001, participants were slower to respond on short SOA trials (M = 1248) than on long SOA 
trials (M = 744), and a significant main effect of Congruency, F(1,38) = 103.15, p < .001, 
participants were slower to respond on incongruent trials (M = 1042) than on neutral trials (M = 
950). There was no significant SOA Proportion x Congruency interaction (F < 1), and no 
significant SOA Proportion x SOA x Congruency interaction, F(1,38) = 1.79, p = .189. There 
was a marginally significant SOA x Congruency interaction, F(1,38) = 3.43, p = .072; but note 
that this interaction is in the wrong direction (over-additive rather than under-additive, see Table 
2), and the Scaled JZS Bayes Factor weakly favors the null that there is no interaction (1.2; a 





















previous reports by Fagot and Pashler (1992), Magen and Cohen (2002; 2010), and Besner and 
Reynolds (2016). 
 
Table 2. Task 2 mean RTs and mean percent error by condition for Experiment 1.  
  RTs   % Error 
  Long Frequent Short Frequent 
 
Long Frequent Short Frequent 
  50 1500 50 1500   50 1500 50 1500 
Incongruent 1355 783 1244 786 
 
4.5 1.6 3.3 1.2 
Neutral 1239 703 1153 702   1.6 0.7 2.5 0.9 
Difference  116  80     91   84   2.9 0.9 0.8 0.3 
 
Errors 
 There was a significant main effect of SOA, F(1,38) = 23.69, p < .001. Participants made 
more errors on short SOA trials (M = 3%) than on long SOA trials (M = 1.1%). There was a 
significant main of Congruency, F(1,38) = 14.85, p < .001. Participants made more errors on 
incongruent trials (2.7%) than on neutral trials (1.4%). There was also a significant SOA 
Proportion x Congruency interaction, F(1,38) = 7.24, p = .011. Participants made more errors on 
incongruent trials in the Long Frequent condition (3%) than in the Short Frequent condition 
(2.2%), and made more errors on neutral trials in the Short Frequent condition (1.7%) than the 
Long Frequent condition (1.1%). There was a significant SOA x Congruency interaction, F(1,38) 
= 6.31, p = .016. The SOA manipulation had more of an effect on errors made on incongruent 
trials (mean error percentage went from 1.4% on long SOA trials to 3.9% on short SOA trials) 
than errors made on neutral trials (mean error percentage went from 0.8% on long SOA trials to 
2.1% on short SOA trials). There was no significant main effect of SOA Proportion (F < 1), no 




SOA x Congruency interaction, F(1,38) = 2.29, p = .138. The percent error for each condition 
can be seen in Table 2. 
 
To summarize the results of Experiment 1, I replicate Miller and colleagues’ (2009) 
findings when I examine the SOA x SOA Proportion interaction (collapsed across Congruency). 
That is, I found that (1) RT1 increased on the less frequently occurring SOA trials in each SOA 
Proportion condition, (2) RT2 was more affected by the SOA manipulation in the Long Frequent 
condition than the Short Frequent condition, and (3) that RT1 was slower in the Short Frequent 
condition as compared to the Long Frequent condition (but this last effect was not significant in 
the current investigation). However, I also replicate additivity of SOA and Congruency (the 
marginally significant interaction was over-additive rather than under-additive, and the Bayes 
weakly favored the null).  Put another way, the size of the Stroop effect in RTs was unaffected 
by the SOA Proportion manipulation. Though there was over-additivity of Congruency and 
decreasing SOA in Task 2 errors (the Scaled JZS Bayes Factor of 2.7 weakly favors the 
alternative), it is important to note that overall RTs on short SOA trials were slower on short 




Experiment 2: Semantic Stroop in the Context of PRP 
As was noted earlier, it is possible that the semantic component of the standard Stroop 
effect is capacity free, but may go undetected because it is absorbed into the much larger effect 
of response competition which is capacity limited (See Figure 2). It is therefore important to 
investigate the semantic Stroop effect in isolation. Experiment 2 was identical to Experiment 1, 
with the exception that the color-associated words tomato, sky, frog, and lemon (from Manwell et 
al., 2004) were used as the incongruent stimuli instead of color words. This contrast is widely 
assumed to index the semantic component (e.g., Augustinova and Ferrand, 2014; Manwell et al, 
2004; Neely & Kahan, 2001). 
 
Method 
 Participants. Forty-eight participants from the same participant pool as Experiment 1 
participated for course credit. The selection criteria were the same as in Experiment 1. 
 
Results 
	   Prior to data analysis, two participants were removed due to a failure to follow 
instructions. 7.1% of trials were removed due to microphone errors, and 10.4% of trials on which 
an error was made on either Task 1 or Task 2 were removed. 0.2% of the trials with correct 
responses were removed because they had an RT of less than 150 ms or greater than 3000 ms. 
2.5% of trials with correct responses were removed as RT outliers. 6 participants were error 
outliers and 2 participants were RT outliers for Task 1, and 1 participant was an RT outlier for 





Task 1: Tone Identification 
Response Times 
For Task 1, there was a significant main effect of SOA, F(1,36) = 12.36, p = .001, 
participants were slower to respond on short SOA trials (M = 702) than on long SOA trials (M = 
670), and a significant SOA Proportion x SOA interaction, F(1,36) = 27.96, p < .001 (see Figure 
6), which is again consistent with Miller and colleagues’ (2009) Experiment 1 results. As with 
standard Stroop, there was no significant effect of SOA Proportion involving RT1 (F < 1).  
 
Figure 7. SOA Proportion x SOA interaction for Task 1 in Experiment 2. 
               Bars represent 95% within-subjects confidence intervals.  
 
 
A three-way SOA Proportion (Long Frequent vs. Short Frequent) x SOA (Short vs. 
Long) x Congruency (Incongruent vs. Neutral) ANOVA revealed a significant SOA x 
Congruency interaction, F(1,36) = 7.13, p = .011. I believe that this SOA x Congruency 
interaction is a Type 1 error. The basis for this conclusion is that the Congruency effect is present 




















short SOA trials. There were no other significant main effects or interactions (Fs < 1, see Table 
3). 
 
Table 3. Task 1 RTs and percent error by condition for Experiment 2. 
  RTs   % Error 
 
Long Frequent Short Frequent 
 
Long Frequent Short Frequent 
  50 1500 50 1500   50 1500 50 1500 
Incongruent 715 655 679 696 
 
6.6 4.5 5.0 4.7 
Neutral 724 641 690 686 
 
1.8 2.2 2.0 2.1 
Difference  -9  14 -11  10   4.8 2.3 3.0 2.6 
 
Errors 
 The error data can be seen in Table 3. There was a significant main effect of Congruency, 
F(1,36) = 38.46, p < .001, participants made more errors on incongruent trials (M = 5.2%) than 
on neutral trials (M = 2.1%), and a significant SOA x Congruency interaction, F(1,36) = 5.33, p 
= .027. There was a marginally significant main effect of SOA, F(1,36) = 3.16, p = .084, and a 
marginally significant SOA Proportion x SOA x Congruency interaction, F(1,36) = 2.90, p = 
.097. There was no significant main effect of SOA Proportion (F < 1), no significant SOA 
Proportion x SOA interaction, F(1,36) = 2.11, p = .155, and no significant SOA Proportion x 
Congruency interaction, F(1,36) = 1.19, p = .283.  
Task 2: Color Naming 
Response Times 
There was a significant SOA Proportion x SOA interaction on RT2, F(1,36) = 14.87, p <  
.001. Once again, consistent with Miller et al.’s (2009) findings, RT2 was more affected by the 




was faster on short SOA trials in the Short Frequent condition (M = 1103), as compared to the 
Long Frequent condition (M = 1197, see Figure 8).	  
 
Figure 8. SOA Proportion x SOA interaction for Task 2 in Experiment 2 (collapsed  




A three-way (SOA Proportion x SOA x Congruency) repeated measures ANOVA (see 
Table 4) revealed a significant main effect of SOA Proportion, F(1,36) = 9.84, p = .003, 
participants were slower to respond in the Long Frequent condition (M = 935) than in the Short 
Frequent condition (M = 887), a significant main effect of SOA, F(1,36) = 468.22, p < .001, 
participants were slower to respond on short SOA trials (M = 1150) than on long SOA trials (M 
= 672), and a significant main effect of Congruency, F(1,36) = 6.48, p = .015, participants were 
slower to respond on incongruent trials (M = 917) than on neutral trials (M = 905). There were 
no other significant interactions involving color naming RTs (Fs < 1). In particular, as with 























How strong is the evidence for a null interaction between SOA x Congruency? 
A Bayesian analysis (Rouder, Speckman, Sun, & Morey, 2009) was conducted for the 
SOA x Congruency interaction. The Bayesian analysis yielded a Scaled JZS Bayes factor (5.5) 
that positively favored the null (see Wagenmakers, 2007). This means that the evidence for the 
null (no interaction between SOA and Congruency) is 5 times stronger than the evidence for the 
alternative hypothesis. 
 
Table 4. Task 2 RTs and percent error by condition for Experiment 2.  
  RTs   % Error 
  Long Frequent Short Frequent 
 
Long Frequent Short Frequent 
  50 1500 50 1500   50 1500 50 1500 
Incongruent 1204 681 1106 677 
 
3.3 2.4 2.1 1.3 
Neutral 1190 665 1100 667   1.3 0.7 1.3 0.5 





There was a significant main effect of SOA Proportion, F(1,36) = 4.87, p = .034, 
participants made more errors in the Long Frequent condition (M = 2%) than the Short Frequent 
condition (M = 1.2%), a significant main effect of SOA, F(1,36) = 8.67, p = .006, participants 
made more errors on short SOA trials (M = 1.9%) than on long SOA trials (M = 1.1%), and a 
significant main effect of Congruency, F(1,36) = 15.48, p < .001, participants made more errors 
on incongruent trials (M = 2.3%) than on neutral trials (M = 0.9%). There was a marginally 
significant SOA Proportion x Congruency interaction, F(1,36) = 3.50, p = .07. There were no 
significant interactions on Task 2 errors (Fs < 1). Percentage error for each condition can be seen 




Although the semantic Stroop effect is quite small overall (12 ms), the RT results mirror 
those yielded in the standard Stroop experiment. The semantic Stroop effect was additive with 
SOA (the Bayes of 5.5 positively favored the null). 
 
Combined analysis of the PRP experiments 
 To determine whether increasing the power to detect the three-way (SOA Proportion x 
SOA x Congruency) interaction would yield different results, the two PRP experiments were 
combined in one analysis. 
 SOA and Congruency were still additive when the combined data was considered, 
F(1,76) = 1.32, p = .254, the Scaled JZS Bayes Factor (4.3) positively favored the null. This 
interaction did not vary as a function of type of Stroop (F(1,76) = 1.20, p = .276, for the SOA x 
Congruency x Experiment interaction). Additionally, the SOA Proportion x SOA x Congruency 
interaction was still non-significant in the combined analysis, F(1,76) = 1.87, p = .175, the 
Scaled JZS Bayes Factor (3.3) positively favored the null. This interaction also did not vary as a 










  The present two experiments both replicate previous observations, and provide new ones. 
First, the standard Stroop effect was additive with SOA on RT in Task 2, replicating Fagot and 
Pashler (1992), Magen and Cohen (2002; 2010), and Besner and Reynolds (2016). Second, the 
semantic Stroop effect was also additive with SOA in Task 2, replicating Besner and Reynolds 
(2016). Thirdly, SOA Proportion interacted strongly with SOA (collapsed across Congruency) in 
both experiments, replicating Miller and colleagues (2009). Finally, I stress that in neither 
experiment was the three-way interaction of SOA, SOA Proportion, and Congruency significant, 
nor was the two-way interaction of SOA and Congruency. 
Theoretical conclusions 
 I take these results to support the following conclusions. First, the absence of the three-
way interaction between SOA, SOA Proportion, and Congruency, coupled with the absence of a 
two-way interaction between SOA and Congruency, and the presence of the two-way interaction 
between SOA Proportion and SOA in both experiments constrains Miller and colleagues’ (2009) 
performance optimization account. In their account, the interaction of SOA Proportion and SOA 
is taken to imply that when short SOAs occur more frequently than long SOAs, this maximizes 
the opportunity for parallel processing across Tasks 1 and 2. If this account applies to the 
operation of all processes, then I would have expected to see that the Stroop effect, associated 
maximally with response competition (the standard version which uses color words), would have 
been under-additive with SOA in the Short Frequent condition. However, no such effect was 
observed.  Given this failure, the simplest account is that either parallel processing applies only 




affects performance, and/or that the SOA Proportion effects reflect some process(es) other than 
parallel versus serial processing across tasks (e.g., anticipation of a short SOA makes it easier to 
apply some early encoding process, some later response preparation process, or both such 
processes). No existing data speaks to which of these possibilities should be preferred at present.  
 Given that there is additivity of SOA and Congruency, coupled with no interaction with 
SOA Proportion, this is consistent with the hypothesis that response competition in the standard 
version of the Stroop effect is structurally bottlenecked. That is, this process must wait until 
some capacity limited process in Task 1 is freed up before response competition can take place, 
as it too needs capacity to unfold.  
 Most importantly, I take the additivity of the semantically based Stroop effect (seen with 
color-associated words in Experiment 2) and SOA to imply that semantic activation is also 
bottlenecked. That is, in contrast to lexical processing, which has been shown to be largely 
capacity free in previous work with participants drawn from the same population (Besner et al., 
2009; O’Malley, Reynolds, Stolz, & Besner, 2008; Reynolds & Besner, 2006), the mapping from 
the lexical level to the semantic level appears to require some form of capacity that is also 
required by Task 1. In short, these results are consistent with this process being structurally 
bottlenecked. 
 The overall conclusion is that semantic activation appears to require some form of 
capacity. This contrasts with the widely held view that such processing is capacity free (see 
Neely & Kahan, 2001). Converging evidence consistent with the present conclusion is seen in 




semantic priming observed when prime and target are related in a forward manner (e.g., panda-
bear) is eliminated by carrying a demanding visuo-spatial load.1 
  
                                                





Chapter 3: Does semantic activation occur regardless of an individual’s intention? 
As was noted in the introduction, the automatic processing perspective also posits that 
semantic activation occurs without intent (Augustinova & Ferrand, 2012; Neely & Kahan, 2001; 
Posner & Snyder, 1975). In other words, when presented with a word, an individual will process 
it even if they do not wish to do so. As Neely and Kahan (2001) and Augustinova and Ferrand 
(2012) conclude: 
 
“…SA [semantic activation] is indeed automatic in that it is unaffected  
by the intention for it to occur [bold mine].” (Neely & Kahan, 2001,  
p. 88).  
 
  “…semantic activation in the Stroop task is indeed automatic and ballistic,  
in the sense that it occurs without intent and cannot be prevented…”  
(Augustinova & Ferrand, 2012, p. 525) 
 
 One issue with investigating the role that intention plays in word processing is that in the 
majority of standard word recognition experiments participants know in advance what task they 
will be performing on each trial. This is problematic because participants may adopt an 
experiment wide mental set in which they intend to engage in word processing on every trial, 
making it difficult to determine whether processing would occur in the absence of intention. 






The Task Set Paradigm (Besner & Care, 2003) 
 Similarly to the PRP paradigm, participants are first presented with a tone that is either 
high or low in pitch. However, in this case the tone acts as a cue that indicates which of two tasks 
participants are to perform on any given trial. As is the case in PRP, the SOA varies, so that on 
some trials participants know which of the two tasks they are required to perform in advance of 
the target. This gives participants the opportunity to prepare their mental set. On other trials, 
participants are presented with the cue and target item closer together in time. This does not give 
the participant time to prepare in advance. Since the participant does not know which task they 
will be performing on any given trial, they should not intend to perform one of the two tasks, as 
this would disadvantage them on 50% of trials.  
 The interpretation of results in the context of the Task Set Paradigm makes use of the 
same cognitive slack logic as PRP. If the target is processed without intention, then target 
processing can unfold during the time taken to decode the cue. In this case, there should be 
under-additivity of Congruency and decreasing SOA (i.e., the size of the Congruency effect 
should decrease as SOA decreases), as the effect has been absorbed into the slack created by the 
time taken to decode the task cue and implement the appropriate set. This pattern of results 
would support the automatic processing perspective; namely that words are processed regardless 
of an individual’s intention. If the target is not processed without intention, however, then 
processing will be put on hold until the cue is decoded and the participant has implemented the 
Task Set. This would yield additivity of Congruency and SOA (the size of the Congruency effect 
does not change as a function of SOA).2 
                                                
2 Besner and Care (2003) also offer another potential explanation for additivity in this context. It could be 
the case that processing the cue requires the same resources as target processing, and additivity is 
observed because of capacity limitations (as is the case in PRP). I will return to this possibility when 






 Let us revisit the argument outlined by Miller, Ulrich, and Rolke (2009) regarding 
observations of additivity in PRP. According to Miller et al (2009), additivity could simply 
reflect the adoption of a strategy in which processing is put on hold to improve performance by 
reducing TRT. A similar argument could be made in the context of the Task Set Paradigm, given 
its parallel construction with the PRP paradigm. Perhaps additivity in the context of the Task Set 
Paradigm occurs as a result of participants putting task processing on hold until the cue has been 
processed, not simply as a result of task uncertainty, but instead as a result of a strategy in which 
they aim to reduce their TRT (in this case, the time taken to decode the task cue and respond to 
the required task on a given trial). If this is the case, then the size of the congruency effect should 
vary as a function of SOA proportion under Miller et al’s (2009) performance optimization 
account. Congruency should be additive in the Long Frequent condition and under-additive in 
the Short Frequent condition. 
Why would the results differ across these two paradigms? 
The results of the PRP experiments in Chapter 2 demonstrated that the SOA Proportion 
manipulation did not modulate the size of the Congruency effect. This is consistent with the 
suggestion that the additivity observed in Chapter 2 is due to a processing bottleneck. The results 
could differ in the context of the Task Set paradigm, however, as there is no explicit Task 1 that 
must be completed prior to responding to the target stimulus (i.e., there is no overt response to 
the tone), hence there might not be a processing bottleneck. Additionally, there is evidence from 
O’Malley and Besner (2011) that processing the cue in the context of Task Set paradigm does 




under-additive with decreasing SOA suggesting that lexical processing can unfold while the cue 
is being decoded. 
 As in Chapter 2, I used both standard and semantic Stroop to examine the role of 




Experiment 3: Standard Stroop in the Context of the Task Set Paradigm 
 The two tasks used in the Task Set experiments were case decision and color naming. 
Case decision was used as the second task in the present experiments, as it has typically been 
used as the second task in the context of the Task Set paradigm (e.g., Besner & Care, 2003; 
O’Malley & Besner, 2011). As with the two PRP experiments (Chapter 2), SOA Proportion was 
manipulated across blocks to determine whether the size of the standard Stroop effect varies as a 
result of which SOA is more likely. There are three potential outcomes given the present 
manipulation in the context of the Task Set Paradigm: (1) the standard Stroop effect is under-
additive with decreasing SOA in both SOA Proportion conditions, consistent with the automatic 
processing account, (2) the standard Stroop effect is additive with SOA in both SOA Proportion 
conditions, inconsistent with the automatic processing account, but not necessarily consistent 
with performance optimization (the SOA Proportion x SOA interaction will shed more light on 
its role), or (3) the standard Stroop effect is under-additive in one SOA proportion condition, and 
additive in the other, consistent with a performance optimization account (and still inconsistent 
with the automatic processing account, which posits that semantic activation should be 
unaffected by such manipulations). 
 
Method 
 Participants. Forty-eight participants from the same participant pool as Experiments 1 





Stimuli. The stimuli in Experiment 3 were identical to Experiment 1, with the exception 
that half of the items were presented in uppercase letters (given that one of the tasks was case 
decision). 
The design and apparatus were identical to Experiment 1. 
Procedure. The procedure for the Task Set experiments varied from the PRP 
experiments in the following ways; (1) The 50 ms tone that played over the speakers following 
the offset of fixation acted as a cue that indicated which of two tasks participants were required 
to perform on any given trial; participants did not overtly respond to the cue, and (2) 50% of 
trials were color naming trials, on which participants were required to name the color that the 
target item was presented in, and 50% of trials were case decision trials, on which participants 
were required to indicate, via key press, the case (UPPER versus lower) that the target item was 
presented in. The two keys were ‘g’ and ‘h’, and the key-case correspondence was 
counterbalanced across participants. Participants were told to respond as quickly and accurately 
as possible in both tasks. 
 
Results 
Four participants were removed due to a failure to follow instructions. 2.7% of trials were 
removed due to microphone errors, 3.7% were removed as a result of an error on the color 
naming task, and 1.7% were removed as a result of an error on the case decision task. Following 
these removals, trials with correct responses that had an RT of less than 150 ms or greater than 
3000 ms were also removed, resulting in the removal of 0.4% of color naming trials and 0.2% of 
case decision trials. Of the trials with correct responses, 1.1% were RT outliers in the color 




error outliers and 3 participants were RT outliers in the case decision task, and 1 participant was 
an RT outlier in the color naming task, leaving data from 35 participants for further analysis. 
 
Color Naming Task 
Response Times 
As with Experiments 1 and 2, I first conducted a repeated measures ANOVA to 
determine whether there was an SOA Proportion x SOA interaction on color naming response 
times. As was the case in the previous two experiments, there was a significant SOA Proportion 
x SOA interaction, F(1,34) = 25.94, p <  .001. The results were once again consistent with Miller 
et al.’s (2009) expected findings for RT2. Color naming responses times were more affected by 
the SOA manipulation in the Long Frequent condition than in the Short Frequent condition. 
Specifically, as is shown in Figure 9, mean RT was faster for short SOA trials in the Short 















Figure 9. SOA Proportion x SOA interaction for the Color Naming Task in Experiment 3  





A three-way (SOA Proportion x SOA x Congruency) repeated measures ANOVA yielded 
a significant main effect of SOA Proportion, F(1,34) = 17.41, p < .001, participants were slower 
to respond in the Long Frequent condition (M = 911) than in the Short Frequent condition (M = 
847), a significant main effect of SOA, F(1,34) = 223.895, p < .001, participants were slower to 
respond on short SOA trials (M = 975) than on long SOA trials (M = 784), and a significant main 
effect of Congruency, F(1,34) = 30.01, p < .001, participants were slower to respond on 
incongruent trials (M = 908) than on neutral trials (M = 851).  
There was also a significant SOA x Congruency interaction, F(1,34) = 6.08, p = .019. 
The Stroop effect was smaller on short SOA trials (M = 22) than long SOA trials (M = 80). There 
was no significant SOA Proportion x Congruency, F(1,34) = 1.48, p = .232, or SOA Proportion x 
SOA x Congruency, F(1,34) = 1.70, p = .202, interaction. The RTs and percent error for the 
























Table 5. Color naming Task RTs and percent error by condition for Experiment 3.  
  RTs   % Error 
  Long Frequent Short Frequent 
 
Long Frequent Short Frequent 
  50 1500 50 1500   50 1500 50 1500 
Incongruent 1035 833 947 815 
 
4.0 2.2 3.3 2.2 
Neutral 1026 751 892 736   3.5 2.2 3.1 2.0 




 There was a significant main effect of SOA on color naming errors, F(1,34) = 8.38, p = 
.007. Participants made more errors on short SOA trials (M = 3.5) than on long SOA trials (M = 
2.2). There were no other main effects or interactions on color naming errors (Fs < 1). 
 
Case Decision Task 
 
Response Times 
The case decision task can also be considered RT2, as it too follows the decoding of the 
task cue. Following Miller et al’s (2009) logic, there should be a significant SOA Proportion x 
SOA interaction for this task as well. This was indeed the case, F(1,34) = 6.93, p =  .013. As is 
shown in Figure 10, case decision responses times were more affected by the SOA manipulation 
in the Long Frequent condition than in the Short Frequent condition; mean RT was faster for 
short SOA trials in the Short Frequent condition (M = 826), as compared to the Long Frequent 







Figure 10. SOA Proportion x SOA interaction for the Case Decision Task in Experiment  





 There was a significant main effect of SOA Proportion, F(1,34) = 14.14, p = .001, such 
that participants were slower to respond in the Long Frequent condition (M = 794) than in the 
Short Frequent condition (M = 722), a significant main effect of SOA, F(1,34) = 123.48, p < 
.001, participants were slower to respond on short SOA trials (M = 874) than on long SOA trials 
(M = 642), and a significant main effect of Congruency, F(1,34) = 14.01, p = .001, participants 
were slower to respond on incongruent trials (M = 772) than on neutral trials (M = 745). There 
was no significant interaction between SOA Proportion x Congruency, or SOA x Congruency, 



























Table 6. Case Decision Task RTs and percent error by condition for Experiment 3.  
  RTs   % Error 
  Long Frequent Short Frequent 
 
Long Frequent Short Frequent 
  50 1500 50 1500   50 1500 50 1500 
Incongruent 931 688 842 626 
 
4.2 1.9 4.6 1.7 
Neutral 915 643 809 611   2.5 2.1 3.0 0.7 




 There was a significant main effect of SOA, F(1,34) = 20.07, p < .001, and a significant 
main effect of Congruency, F(1,34) = 9.56, p = .004, on errors in the case decision task. There 
was no significant main effect of SOA Proportion (F < 1). There was also no significant SOA 
Proportion x Congruency interaction (F < 1), SOA x Congruency interaction, F(1,34) = 2.18, p = 
.149, or SOA Proportion x SOA x Congruency interaction (F < 1). 
 
 The significant SOA Proportion x SOA interactions found for both tasks (color naming 
and case decision) are consistent with Miller and colleagues’ (2009) performance optimization 
account. However, in contrast to the results obtained with the PRP paradigm (additivity of 
Congruency and SOA), Congruency appears to be under-additive with decreasing SOA. Though 
it looks like there is a trend towards a significant three-way (SOA Proportion x SOA x 
Congruency) interaction for the color naming task (the Stroop effect decreased by 24 ms in the 
Short Frequent condition and by 73 ms in the Long Frequent condition), this 49 ms interaction 




 Additionally, there was a significant Stroop effect in the case decision task. There are two 
potential explanations for the presence of this effect. The first is Besner and Care’s (2003) 
alternative explanation for additivity in the context of the Task Set paradigm. They argue: 
 
  “…if target processing leads to the computation of both potential responses  
in the short SOA condition prior to cue decoding, then the size of the [effect  
of interest] at the short SOA should be equivalent for [both tasks].” (p. 312) 
 
If cue processing and target processing both require the same resource, and both tasks are 
computed on each trial, then the effect of the manipulated factor should be present in both tasks. 
However, if this were the case in the present experiment, then the effect of Congruency should 
not be under-additive with decreasing SOA in any condition, as there should be a bottleneck in 
processing if both processes require the same resource. Given that we see a significant SOA x 
Congruency interaction in color naming task (a 58 ms reduction), it is clear that processing can 
unfold at the same time as the cue is being decoded. The second explanation that I propose is that 
response set implementation is intentionally put on hold in some conditions until the cue and 
target have both been processed to optimize performance (a point that will be revisited in the 





Experiment 4: Semantic Stroop in the Context of the Task Set Paradigm 
 Remember, the standard Stroop effect does not necessarily index semantic processing. It 
is therefore important to also examine the size of the semantic Stroop effect in the context of the 
Task Set Paradigm. 
 
Method 
 Participants. Forty-eight participants from the same participant pool as Experiments 1, 
2, and 3 participated for course credit. The selection criteria were the same as in earlier 
experiments. 
 Stimuli. The stimuli only differed from Experiment 3, in that the incongruent stimuli 
were color-associated words (tomato, sky, frog, lemon) instead of color words (red, blue, green, 
yellow). 
 The design, apparatus, and procedure were identical to Experiment 3. 
 
Results 
2.7% of trials were removed due to microphone errors, 3.7% were removed as a result of 
an error on the color naming task, and 1.7% were removed as a result of an error on the case 
decision task. Following these removals, trials with correct responses that had an RT of less than 
150 ms or greater than 3000 ms were also removed (0.4% of color naming trials and 0.2% of 
case decision trials). Of the trials with correct responses, 1.1% were RT outliers in the color 
naming task and 1.2% were outliers in the case decision task. At the participant level, 4 were 
error outliers and 2 were RT outliers in the case decision task, leaving data from 42 participants 





Color Naming Task 
Response Times 
 There was a significant SOA Proportion x SOA interaction on color naming response 
times, F(1,41) = 27.56, p < .001. As with all of the experiments reported thus far, the size of the 
SOA effect was more pronounced in the Long Frequent condition. Response times were slower 
on short SOA trials in the Long Frequent condition (M = 900) than on short SOA trials in the 
Short Frequent condition (M = 785). These results are shown in Figure 11. 
 
Figure 11. SOA Proportion x SOA interaction for the Color Naming Task in Experiment 4  





 A three-way (SOA Proportion x SOA x Congruency) repeated measures ANOVA 
revealed a significant main effect of SOA Proportion, F(1,41) = 27.39, p < .001, whereby 
participants were slower to respond in the Long Frequent condition (M = 784) than in the Short 






















that participants were slower to respond on short SOA trials (M = 843) than on long SOA trials 
(M = 660), and a significant main effect of Congruency, F(1,41) = 5.94, p = .019, participants 
were slower to respond on incongruent trials (M = 758) than on neutral trials (M = 745).  
 In addition to the significant SOA Proportion x SOA interaction mentioned previously, 
there was a significant SOA Proportion x Congruency interaction, F(1,41) = 6.69, p = .013, and a 
marginally significant SOA Proportion x SOA x Congruency interaction, F(1,41) = 2.93, p = 
.095. The effect of Congruency was smaller in the Long Frequent condition (M = -2) than in the 
Short Frequent condition (M = 26). Additionally, the effect of Congruency is trending toward 
being under-additive with decreasing SOA in the Long Frequent condition (a reduction from 11 
ms to -15 ms; though this reduction is not significant, F(1,41) = 2.64, p = .112), and  not in the 
Short Frequent condition (an increase in the size of the effect from 22 ms at the long SOA to 31 
ms at the short SOA). There was no significant SOA x Congruency interaction (F < 1). 
 
Table 7. Color Naming Task RTs and percent error by condition for Experiment 4.  
  RTs   % Error 
  Long Frequent Short Frequent 
 
Long Frequent Short Frequent 
  50 1500 50 1500   50 1500 50 1500 
Incongruent 892 674 801 663 
 
2.2 1.6 2.3 1.2 
Neutral 907 664 770 641   3.1 0.8 1.5 1.2 




 There was a significant main effect of SOA on color naming errors, F(1,41) = 11.96, p = 
.001, participants made more errors on short SOA trials (M = 2.3) than on long SOA trials (M = 
1.2), and a marginally significant SOA Proportion x SOA x Congruency interaction, F(1,41) = 




 There was no significant main effect of SOA Proportion, F(1,41) = 1.01, p = .322, or 
Congruency (F < 1) on color naming errors, nor was there a significant SOA Proportion x SOA 
interaction, F(1,41) = 2.20, p = .146, SOA Proportion x Congruency interaction (F < 1), or SOA 
x Congruency interaction (F < 1). 
 




Consistent with the performance optimization account, as is evident in Figure 12, there 
was a significant SOA Proportion x SOA interaction, F(1,41) = 14.43, p < .001. Response times 
were slower on the short SOA trials in the Long Frequent condition (M = 822) than in the Short 
Frequent condition (M = 730). 
 
Figure 12. SOA Proportion x SOA interaction for the Case Decision Task in Experiment  


























 A three factor (SOA Proportion x SOA x Congruency) repeated measures ANOVA 
revealed a significant main effect of SOA Proportion, F(1,41) = 22.32, p < .001. Participants 
were slower to respond in the Long Frequent condition (M = 714) than in the Short Frequent 
condition (M = 655). There was a significant main effect of SOA, F(1,41) = 226.86, p < .001. 
Participants were slower to respond on short SOA trials (M = 775) than on long SOA trials (M = 
593). Interestingly, as with standard Stroop, there was a significant main effect of Congruency, 
F(1,41) = 6.68, p = .013. Participants were slower to respond on incongruent trials (M = 691) 
than on neutral trials (M = 677). 
 There was a significant SOA Proportion x Congruency interaction, F(1,41) = 4.74, p = 
.035.  The Congruency effect was smaller in the Long Frequent condition (M = 4) than in the 
Short Frequent condition (M = 25). There was no significant SOA x Congruency interaction (F < 
1), or SOA Proportion x SOA x Congruency interaction, F(1,41) = 2.78, p = .103. 
 
Table 8. Case Decision Task RTs and percent error by condition for Experiment 4.  
  RTs   % Error 
  Long Frequent Short Frequent 
 
Long Frequent Short Frequent 
  50 1500 50 1500   50 1500 50 1500 
Incongruent 820 612 746 589 
 
3.2 3.0 3.3 2.8 
Neutral 824 600 713 572   3.6 1.8 3.7 1.8 




 There was a significant main effect of SOA, F(1,41) = 7.47, p = .009. Participants made 




significant main effect of SOA Proportion (F < 1), or of Congruency, F(1,41) = 1.07, p = .308, 
on case decision errors. 
 There was a marginally significant SOA x Congruency interaction on errors, F(1,41) = 
3.56, p  = .066. No other interactions were significant (Fs < 1). 
 
What is the evidence for the null three-way interaction in standard Stroop, and the marginally 
significant three-way interaction in semantic Stroop? 
 
 The Scaled JZS Bayes Factor weakly favored the null for standard Stroop (2.5) and was 
inconclusive for semantic Stroop (1.6 in favor of the null).  
 
Combined analysis of the Task Set experiments 
  
 The pattern of results in both the standard and semantic Stroop Task Set experiments 
showed a decrease in the size of the Congruency effect in the Long Frequent condition, and not 
in the Short Frequent condition. However, the three-way interaction was not significant in the 
standard Stroop experiment, and was only marginally significant in the semantic Stroop 
experiment. To increase the power to detect the three-way interaction, the data from both Task 
Set experiments were considered in a combined analysis. 
 When the data was combined, there was a significant SOA Proportion x SOA x 
Congruency interaction, F(1,75) = 4.16, p = .045 interaction, which did not vary as a function of 
Experiment, which was included as a between-subjects factor (F < 1 for the four-way 
interaction). The Congruency effect was under-additive with decreasing SOA in the Long 
Frequent condition (a decrease from 46 ms on long SOA trials to -3 ms on the short SOA trials; 




with SOA in the Short Frequent condition (the Congruency effect was 51 ms on long SOA trials 








 Though the SOA Proportion x SOA interactions discussed in Chapter 3 again fit with the 
logic outlined in Miller et al (2009), the other results of the Task Set experiments are unexpected. 
When I conducted a combined analysis of the data, I found that Congruency was additive with 
SOA in the Short Frequent condition and under-additive with decreasing SOA in the Long 
Frequent condition. If the Long Frequent condition is supposed to promote serial processing, and 
the Short Frequent condition is supposed to promote parallel processing, then I would expect to 
see the opposite pattern of results; Congruency should be additive with SOA in the Long 
Frequent condition, and under-additive with decreasing SOA in the Short Frequent condition.  
 Additionally, there was a significant effect of Congruency in the case decision task in 
both the standard and semantic Stroop experiments. This will be revisited in the theoretical 
conclusions section. 
Theoretical conclusions 
As was mentioned in the Performance Optimization section of the introduction to 
Chapter 3, as with Miller et al’s PRP logic, additivity in the Task Set paradigm could reflect the 
adoption of a strategy in which participants aim to improve performance by reducing their TRT. 
In the context of the Task Set paradigm, target processing may be put on hold until the cue has 
been processed to reduce the time taken to decode the task cue and respond to the required 
secondary task.  
The under-additivity of Congruency and decreasing SOA in the Long Frequent condition 
contradicts Miller and colleagues’ (2009) performance optimization account, at least at the level 




processing. In other words, the cue should be decoded before target processing begins if 
participants are trying to reduce their TRT in this condition. There is, however, still evidence that 
supports their account in terms of overall RTs (collapsed across Congruency).  
Looking at the SOA Proportion x SOA interaction, it is clear that participants are slowest 
to respond on short SOA trials in the Long Frequent condition. This is consistent with Miller and 
colleagues (2009) who attribute this slowing to strategic processing; participants are prepared to 
process serially in the Long Frequent condition, and are therefore slower to respond on short 
SOA trials than they are in the Short Frequent condition (in which they are prepared for parallel 
processing). It is possible, however, that this slowing reflects a disadvantage associated with an 
unexpected short SOA trial (as compared to a condition where the majority of trials are short 
SOA trials). Contrary to Miller and colleagues’ hypothesis, participants may be prepared to 
process in parallel in the Long Frequent condition in the present experiments because of the 
negative effect of unexpected short SOA trials on performance in a task (Stroop) in which the 
word stimuli interfere with participants’ goals on half of trials. Alternatively, it could be that the 
increase in RTs on short SOA trials in the Long Frequent condition allows the Congruency effect 
to be absorbed into the extra time generated by this slowing. Regardless of the reason for this 
absorption of the Congruency effect on short SOA trials in the Long Frequent condition, there is 
clearly evidence that the SOA Proportion manipulation affects the SOA x Congruency 
interaction. In other words, SOA Proportion influences how participants process stimuli in the 
Task Set paradigm. 
The presence of the Congruency effect in the case decision task, combined with evidence 
of under-additivity of Congruency and decreasing SOA for the color naming task in the Long 




in the Short Frequent condition until cue and target processing are complete, and that this is not 
due to a resource being shared by cue and target processing (as there would be no under-
additivity in any condition in this case). I propose that processing unfolds as follows: on short 
SOA trials in the Long Frequent condition, (1) cue decoding begins, (2) target processing begins 
upon the presentation of the target stimulus (in parallel with the decoding of the cue; allowing for 
absorption of the Congruency effect), and (3) a response set is implemented once the previous 
two stages are complete (see Figure 13a), and on short SOA trials in the Short Frequent 
condition (and on long SOA trials in both conditions), (1) cue decoding occurs first, (2) followed 
by target processing (which begins after cue decoding is complete), and, finally, (3) a response 
set is implemented (once the previous two stages are complete; see Figure 13b).  
 
Figure 13. A depiction of the proposed order of processing in the Task Set experiments as  








Cue decoding Target processing Response set implementation 
a)  Processing on short SOA trials in the Long Frequent condition 




The results of the Task Set experiments suggest that processing of the target is put on 
hold on short SOA trials in the Short Frequent condition, which conflicts with the automatic 
processing perspective. Additionally, if processing is indeed not subject to interference by other 
processes, then the SOA Proportion manipulation should not affect the under-additivity of 
Congruency and decreasing SOA, yet this is what is seen in the present experiments. 
It is unclear from these results, however, whether the additivity observed in the Short 
Frequent condition reflects performance optimization, or whether the ratio of short SOA trials is 
not optimal for promoting parallel processing at the level of semantics in this condition. The 
latter possibility could be examined in a future experiment in which the ratio of short/long SOA 
trials in each SOA Proportion condition are modified (e.g., Long Frequent, 90% long SOA trials 
and 10% short SOA trials; Short Frequent, 10% long SOA trials and 90% short SOA trials). 
 
Cross-Paradigm Comparison 
 The results of the Task Set experiments differ from those obtained in the context of PRP. 
In the PRP experiments, SOA and Congruency were additive, and this additivity was unaffected 
by the SOA Proportion manipulation (see Figure 14a). In contrast, there was a significant SOA x 
Congruency interaction, and a significant SOA Proportion x SOA x Congruency interaction in 
Task Set (see Figure 14b). To determine whether the difference across these two paradigms was 
significant, I conducted a four-way (SOA Proportion x SOA x Congruency x Paradigm) repeated 







Figure 14. The SOA x Congruency and SOA Proportion x SOA x Congruency interaction  
for the PRP and Task Set experiments (collapsed across type of Stroop). 
 
 
 This analysis revealed that there was significant difference between the two paradigms in 
terms of the SOA x Congruency interaction (the three-way including Paradigm as a between 
subjects factor was significant), F(1,153) = 7.08, p = .009, and the SOA Proportion x SOA x 
Congruency interaction (the four-way including Paradigm as a between-subjects factor was 
significant), F(1,153) = 6.08, p = .015. 
 This significant difference in the pattern of results across these two paradigms yields an 
interesting question. Why is there a significant difference between these two paradigms if 
participants are also required to decode the tone in the Task Set Paradigm prior to performing a 


















































































b) Task Set 
SOA x Congruency SOA Proportion x SOA x Congruency 
Long Frequent 





overt response to the tone in the context of PRP. This possibility was explored in Experiments 5, 





Chapter 4: Does the overt response to the tone in PRP contribute to the additivity of 
congruency and SOA? 
 
As was mentioned previously, it could be argued that the decoding of the task cue in the 
Task Set Paradigm is equivalent to a PRP “Task 1” to some degree. Participants must perform 
this primary task to determine which of two possible tasks they will be performing on a trial-by-
trial basis. It is therefore useful to determine why the SOA Proportion manipulation influences 
the size of the Stroop effects in the context of the Task Set Paradigm, and not in PRP. One 
possibility is that the difference in results across these two paradigms is a consequence of the 
requirement that participants make an overt response to the tone in the context of PRP. The 





Experiment 5: Standard Stroop in the Overt Response Task Set Paradigm 
The Task Set experiment outlined here only differs from Experiment 3 in that it requires 
participants to provide an overt response to the tone prior to responding to the target stimulus. 
This modification will allow me to determine whether it is the overt response to the tone in PRP 
that yields additivity of Congruency and SOA in both SOA Proportion conditions. 
 
Method 
 Participants. Using the same selection criteria as in the previous experiments, forty-eight 
participants from the same participant pool participated for course credit.  
The stimuli, design, and apparatus were identical to Experiment 3. 
Procedure. The procedure differed from Experiment 3 in that (1) participants were 
required to overtly respond to the cue tone via key press (‘g’ and ‘h’ were used as the response 
keys, and the key-tone correspondences were counterbalanced across participants) prior to 
performing the task indicated by the tone, and (2) the case decision task response was now vocal 
(i.e., the participant said “upper” or “lower”) to avoid any potential interference caused by both 
the tone identification task and case decision task having manual responses (if additivity is 
observed in this context, it would be unclear whether it simply reflects motor based structural 
interference; McLeod, 1977a; 1977b; ; Miller, Ulrich, & Rolke, 2009). Participants were told to 
respond as quickly and accurately as possible to both tasks. 
 
Results 
One participant was removed due to a failure to follow instructions. 3.2% of trials were 




naming task, and 0.9% were removed as a result of an error on the case decision task. Following 
these removals, trials with correct responses that had an RT of less than 150 ms or greater than 
3000 ms were also removed, resulting in the removal of 2.5% of color naming trials and 2.2% of 
case decision trials. Of the remaining trials with correct responses, 1.0% were RT outliers in the 
color naming task and 1.3% were outliers in the case decision task. Additionally, 7 participants 
were error outliers and 1 participant was an RT outlier in the case decision task, and 1 participant 
was an RT outlier in both the case decision and the color naming task, leaving data from 38 
participants for further analysis. 
 
Task 1: Tone Identification 
Response Times 
Unfortunately, it appears that participants in this experiment grouped their responses on 
short SOA trials. As the beginning of a new trial is triggered by a vocal response, the majority of 
the key presses in response to the tone on short SOA trials were not recorded.  It was initially 
unclear as to whether this tendency was due to the initial instructions not properly emphasizing 
that the tone should be responded to prior to performing the second task, or whether the addition 
of an overt response to the cue was too difficult for participants. I will revisit this issue in 
Experiment 7. 
   
Task 2: Color Naming Task 
Response Times 
There was a significant SOA Proportion x SOA interaction, F(1,37) = 6.61, p =  .014. 




their Experiment 2 findings. Color naming responses times were more affected by the SOA 
manipulation in the Long Frequent condition than in the Short Frequent condition. In this case, 
however, as is shown in Figure 15, mean RT was faster for long SOA trials in the Long Frequent 
condition (M = 832), as compared to the Short Frequent condition (M = 894), and was virtually 
the same size for short SOA trials in both SOA Proportion conditions (M = 1079 in the Long 
Frequent condition; M = 1089 in the Short Frequent condition). Given the results of Experiments 
1-4, the lack of a difference for short SOA trials is surprising. Perhaps the difficulty of the 
combined paradigms caused participants to adopt a different strategy than in previous 
experiments, which involved adapting to long SOA trials as opposed to short SOA trials. 
 
Figure 15. SOA Proportion x SOA interaction for the Color Naming Task in Experiment 5  





A three-way (SOA Proportion x SOA x Congruency) ANOVA yielded a significant main 
effect of SOA, F(1,37) = 97.75, p < .001, participants were slower to respond on short SOA trials 






















F(1,37) = 39.84, p < .001 participants were slower to respond on incongruent trials (M = 1003) 
than on neutral trials (M = 926). There was no significant main effect of SOA Proportion, 
F(1,37) = 2.13, p = .152. 
There was no significant SOA Proportion x Congruency interaction (F < 1), SOA x 
Congruency interaction, F(1,37) = 1.23, p =  .276, or SOA Proportion x SOA x Congruency 
interaction (F < 1). The Scaled JZS Bayes factor (3.3) for the SOA x Congruency interaction 
positively favors the null hypothesis of no interaction. Congruency and SOA are additive. The 
RTs and percent error for the color naming task are shown in Table 9. 
 
 
Table 9. Color naming Task RTs and percent error by condition for Experiment 5.  
  RTs   % Error 
  Long Frequent Short Frequent 
 
Long Frequent Short Frequent 
  50 1500 50 1500   50 1500 50 1500 
Incongruent 1104 870 1108 928 
 
3.1 2.0 2.2 2.0 
Neutral 1032 780 1040 851   0.7 1.1 0.8 1.5 




 There was a significant main effect of Congruency on color naming errors, F(1,37) = 
14.56, p < .001. Participants made more errors on incongruent trials (M = 2.3) than on neutral 
trials (M = 1.0). There were no other main effects on color naming errors (Fs < 1). 
 There was no significant SOA Proportion x SOA interaction (F < 1), SOA Proportion x 
Congruency interaction, F(1,37) = 1.58, p = .216, SOA x Congruency interaction, F(1,37) = 






Task 2: Case Decision Task 
 
Response Times 
As was the case for the color naming task, there was a significant SOA Proportion x SOA 
interaction on case decision response times, F(1,37) = 9.66, p =  .004. Case decision responses 
times were more affected by the SOA manipulation in the Long Frequent condition than in the 
Short Frequent condition (see Figure 16). Once again, mean RT was faster for long SOA trials in 
the Long Frequent condition (M = 753), as compared to the Short Frequent condition (M = 810), 
and was almost the same size in both SOA Proportion conditions for short SOA trials (M = 1020 
in the Long Frequent condition and M = 1011 in the Short Frequent condition). 
 
Figure 16. SOA Proportion x SOA interaction for the Case Decision Task in Experiment  




 There was a significant main effect SOA, F(1,37) = 124.73, p < .001, participants were 
slower to respond on short SOA trials (M = 1016) than on long SOA trials (M = 782), and a 






















respond on incongruent trials (M = 921) than on neutral trials (M = 877). There was no 
significant main effect of SOA Proportion, and none of the other interactions were significant 
(Fs < 1). RTs and percent error in the case decision task are presented in Table 10. 
 
Table 10. Case Decision Task RTs and percent error by condition for Experiment 5.  
  RTs   % Error 
  Long Frequent Short Frequent 
 
Long Frequent Short Frequent 
  50 1500 50 1500   50 1500 50 1500 
Incongruent 1040 773 1040 830 
 
1.4 0.8 0.8 0.5 
Neutral 1000 733   983 790   0.0 0.6 0.7 0.4 




 There was a marginally significant main effect of Congruency, F(1,37) = 4.00, p = .053, 
and a marginally significant SOA Proportion x Congruency interaction, F(1,37) = 3.34, p = .076, 
on errors in the case decision task. Neither of the other two main effects were significant (Fs < 
1), nor was the SOA Proportion x SOA interaction (F < 1), SOA x Congruency interaction, 
F(1,37) = 2.82, p = .102, or SOA Proportion x SOA x Congruency interaction, F(1,37) = 2.09, p 
= .157. 
 
 Congruency was additive with SOA in both the color naming task (Scaled JZS Bayes 
factor positively favors the null, 3.3) and the case decision task (Scaled JZS Bayes Factor 
positively favors the null, 4.8). The presence of the Congruency effect for both tasks, combined 
with the lack of under-additivity with decreasing SOA in any condition, suggests that semantic 




response set following cue and target processing (Besner & Care, 2003). Further, these results 
imply that the capacity limitations observed for semantic processing in the context of PRP are 





Experiment 6: Semantic Stroop in the Overt Response Task Set Paradigm 




 Participants. Forty-eight participants from the same participant pool as the previous 
experiments participated for course credit. The selection criteria were the same as in earlier 
experiments. 
 Stimuli. The stimuli only differed from Experiment 5, in that the incongruent stimuli 
were color-associated words (tomato, sky, frog, lemon) instead of color words (red, blue, green, 
yellow). 
 The design, apparatus, and procedure were identical to Experiment 5. 
 
Results 
Four participants were removed prior to analysis due to a failure to follow instructions. 
0.7% of trials were removed due to microphone errors, 1.7% were removed as a result of an error 
on the color naming task, and 1.9% were removed as a result of an error on the case decision 
task. Following these removals, trials with correct responses that had an RT of less than 150 ms 
or greater than 3000 ms were also removed (1.2% of color naming trials and 0.9% of case 
decision trials). Of the remaining trials with correct responses, 1.2% were RT outliers in the 
color naming task and 1.2% were outliers in the case decision task. At the participant level, 5 
were error outliers in the case decision task and 1 was an RT outlier in both the case decision and 




Task 1: Tone Identification 
Response Times 
Like what was found in Experiment 5, the majority of Task 1 responses were not 
recorded, suggesting that the issue with response grouping was also present in the semantic 
version of the overt response Task Set experiment.  
 
Task 2: Color Naming Task 
Response Times 
 There was a significant SOA Proportion x SOA interaction on color naming response 
times, F(1,37) = 4.49, p = .041. Response times were again slower on the short SOA trials in the 
Long Frequent condition (M = 1038) than in the Short Frequent condition (M = 993). These 
results are shown in Figure 17. 
 
Figure 17. SOA Proportion x SOA interaction for the Color Naming Task in Experiment 6  


























 Additionally, there was a significant main effect of SOA, F(1,37) = 141.26, p < .001, 
participants were slower to respond on short SOA trials (M = 1015) than on long SOA trials (M 
= 784), and a marginally significant main effect of Congruency, F(1,37) = 3.88, p = .056, 
participants were slower to respond on incongruent trials (M = 909) than on neutral trials (M = 
890).  
The effect of SOA Proportion was in the expected direction, participants were slower to 
respond in the Long Frequent condition (M = 912) than the Short Frequent condition (M = 887), 
but this difference was not significant, F(1,37) = 2.53, p = .120. 
 Mirroring the results of Experiment 5, there was no significant SOA x Congruency 
interaction (F < 1); the Scaled JZS Bayes Factor positively favors the null hypothesis of no 
interaction (3.3). There was also no significant SOA Proportion x Congruency interaction, 
F(1,37) = 1.54, p = .223, or SOA Proportion x SOA x Congruency interaction, F(1,37) = 1.53, p 
= .225. 
 
Table 11. Color Naming Task RTs and percent error by condition for Experiment 6.  
  RTs   % Error 
  Long Frequent Short Frequent 
 
Long Frequent Short Frequent 
  50 1500 50 1500   50 1500 50 1500 
Incongruent 1061 790 996 787 
 
2.4 1.0 1.5 0.9 
Neutral 1015 781 989 776   2.8 1.1 1.5 1.9 




 There was a significant main effect of SOA on color naming errors, F(1,37) = 6.99, p = 




(M = 1.1), and a marginally significant SOA Proportion x SOA interaction, F(1,37) = 4.01, p = 
.053. 
 There was no significant main effect of SOA Proportion, F(1,37) = 1.84, p = .184, or 
Congruency, F(1,37) = 1.99, p = .167, on color naming errors, nor was there a significant SOA 
Proportion x Congruency interaction, (F < 1), SOA x Congruency interaction, (F < 1), or SOA 
Proportion x SOA x Congruency interaction, F(1,37) = 2.06, p = .160. 
 




As is shown in Figure 18, there was a significant SOA Proportion x SOA interaction, 
F(1,37) = 8.73, p = .005. Response times were slower on the short SOA trials in the Long 
Frequent condition (M = 1042) than on short SOA trials in the Short Frequent condition (M = 
980). 
 
Figure 18. SOA Proportion x SOA interaction for the Case Decision Task in Experiment  
























 A three factor (SOA Proportion x SOA x Congruency) repeated measures ANOVA 
revealed a marginally significant main effect of SOA Proportion, F(1,37) = 3.76, p = .060. 
Participants were slower to respond in the Long Frequent condition (M = 875) than in the Short 
Frequent condition (M = 844). There was a significant main effect of SOA, F(1,37) = 196.19, p < 
.001. Participants were slower to respond on short SOA trials (M = 1011) than on long SOA 
trials (M = 709). There was no significant effect of Congruency, F(1,37) = 1.92, p = .174. 
 There was no significant SOA Proportion x Congruency interaction, (F < 1) , SOA x 
Congruency interaction F(1,37) = 1.07, p = .307, or SOA Proportion x SOA x Congruency 
interaction, F(1,37) = 1.78, p = .190. 
 
Table 12. Case Decision Task RTs and percent error by condition for Experiment 6.  
  RTs   % Error 
  Long Frequent Short Frequent 
 
Long Frequent Short Frequent 
  50 1500 50 1500   50 1500 50 1500 
Incongruent 1043 715 995 708 
 
0.6 1.7 1.7 2.2 
Neutral 1040 703 964 710   0.9 1.5 1.6 1.3 




 There was no significant main effect of SOA Proportion, F(1,37) = 2.39, p = .130, SOA, 
F(1, 37) = 2.08, p = .157, or Congruency, (F < 1), nor was there a significant SOA Proportion x 
SOA interaction, F(1,37) = 1.42, p = .240, SOA Proportion x Congruency interaction (F < 1), 






Experiment 7: Semantic Stroop in the Overt Response Task Set Paradigm 2 
 
 This experiment aimed to determine whether the response grouping evident on short SOA 
trials in Experiments 5 and 6 was due to the combination of the two paradigms being too difficult 
for participants, or whether it was a result of the instructions. If changing the instructions does 
fix the issue, then it will allow me to see whether the RT1 results also mirror the PRP 
experiments, as well as ensure that the results do not vary when Task 1 errors and outliers are 
removed prior to further analysis. 
 
Method 
 Participants. 24 participants were gathered using the same criteria and participant pool 
as in previous experiments. Participants were awarded course credit in exchange for their 
participation. 
 The design, apparatus, and stimuli were the same as in Experiment 6. 
 Procedure. The procedure was identical to Experiment 6, with the exception that the 
initial instructions included the following, “Give priority to identifying the tone! It is the most 
important task.” Additionally, the experiment was coded to generate an error message whenever 
the tone task was not responded to prior to the microphone being triggered by the vocal response 
to the target stimulus. The message alternated between “Give priority to the tone task! Respond 
to it as quickly as possible!” and “Wrong Order”.  
 
Results 
Three participants did not complete the experiment and 2 were removed prior to analysis 




removed due to microphone errors. Following the removal of microphone errors, and 3.9% of 
trials on which an error was made on either Task 1 (tone identification) or the Task 2 (color 
naming or case decision) were removed.  3.7% of the trials with correct responses were removed 
because they had an RT of less than 150 ms or greater than 3000 ms. 2.2% of trials with correct 
responses were removed as RT outliers. One participant was an error outlier on the tone task, and 
one participant was an RT outlier on both the tone task and the color naming task, leaving 17 
participants for analysis. 
Task 1: Tone Identification 
Response Times 
RT1 was slower in the Short Frequent condition (M = 678) than in the Long Frequent 
condition (M = 615), as was reported by Miller and colleagues, F(1,16) = 8.02, p = .012. 
Additionally, there was a significant main effect of SOA, F(1,16) = 16.93, p = .001, participants 
were slower to respond on short SOA trials (M = 667) than on long SOA trials (M = 626), and a 
significant SOA Proportion x SOA interaction, F(1,16) = 11.85, p = .003 (see Figure 19), which 












Figure 19. SOA Proportion x SOA interaction for Task 1 in Experiment 7. 
               Bars represent 95% within-subjects confidence intervals.  
 
 
A three-way SOA Proportion (Long Frequent vs. Short Frequent) x SOA (Short vs. 
Long) x Congruency (Incongruent vs. Neutral) ANOVA revealed a significant main effect of 
Congruency, F(1,16) = 6.91, p = .018. There was a marginally significant SOA Proportion x 
Congruency interaction, F(1,16) = 3.83, p = .068, and no significant SOA x Congruency 
interaction (F < 1). The SOA Proportion x SOA x Congruency interaction was significant, 
F(1,16) = 7.65, p = .014 (see Table 13).  
 
Table 13. Task 1 mean RTs and percent error by condition for Experiment 7. 
  RTs   % Error 
 
Long Frequent Short Frequent 
 
Long Frequent Short Frequent 
  50 1500 50 1500   50 1500 50 1500 
Incongruent 652 577 695 694 
 
1.0 1.0 1.6 0.6 
Neutral 649 580 673 650 
 
2.5 0.7 1.5 0.3 
























 The main effect of SOA on Task 1 errors was significant, F(1,16) = 10.12, p = .006. 
Participants made more errors on short SOA trials (M = 1.7) than on long SOA trials (M = 0.6). 
There was no significant main effect of SOA Proportion, F(1,16) = 1.34, p = .264, or 
Congruency on Task 1 errors (F < 1), nor were there any significant interactions on Task 1 errors 
(Fs < 1). 
Task 2: Color Naming Task 
Response Times 
 There was a significant SOA Proportion x SOA interaction on color naming response 
times, F(1,16) = 13.22, p < .001. Response times were slower on long SOA trials in the Short 
Frequent condition (M = 866) than in the Long Frequent condition (M = 778), and were slower 
on the short SOA trials in the Long Frequent condition (M = 1240) as compared to the Short 
Frequent condition (M = 1215). These results are shown in Figure 20. 
 
Figure 20. SOA Proportion x SOA interaction for the Color Naming Task in Experiment 7  























 A three-way repeated measures ANOVA revealed a significant main effect of SOA, 
F(1,16) = 173.58, p < .001, participants were slower to respond on short SOA trials (M = 1227) 
than on long SOA trials (M = 821), and a marginally significant main effect of Congruency, 
F(1,16) = 3.14, p = .096, participants were slower to respond on incongruent trials (M = 1040) 
than on neutral trials (M = 1008). There was no significant main effect of SOA Proportion or 
SOA Proportion x Congruency interaction (Fs < 1) on color naming RTs. 
 Mirroring the results of Experiments 5 and 6, there was no significant SOA x 
Congruency interaction (F < 1); the Scaled JZS Bayes Factor positively favors the null (3.9), or 
SOA Proportion x SOA x Congruency interaction (F < 1); the Scaled JZS Bayes Factor 
positively favors the null (3.3). 
 
Table 14. Color Naming Task RTs and percent error by condition for Experiment 7.  
  RTs   % Error 
  Long Frequent Short Frequent 
 
Long Frequent Short Frequent 
  50 1500 50 1500   50 1500 50 1500 
Incongruent 1253 797 1237 874 
 
1.9 1.5 2.1 0.5 
Neutral 1227 757 1192 856   1.5 1.2 1.3 2.2 




 There were no significant main effects on color naming RTs (F < 1). There was no 
significant SOA Proportion x SOA interaction (F < 1), SOA Proportion x Congruency 
interaction, (F < 1), SOA x Congruency interaction, F(1,16) = 2.32, p = .147, or SOA Proportion 











As is shown in Figure 21, there was a significant SOA Proportion x SOA interaction, 
F(1,16) = 5.30, p = .035. Response times were slower on the short SOA trials in the Long 
Frequent condition (M = 805) than in the Short Frequent condition (M = 756), and were slower 
on the short SOA trials in the Long Frequent condition (M = 1262) as compared to the Short 
Frequent condition (1210). 
 
Figure 21. SOA Proportion x SOA interaction for the Case Decision Task in Experiment  





 A three factor (SOA Proportion x SOA x Congruency) repeated measures ANOVA 
revealed a significant main effect of SOA, F(1,16) = 210.14, p < .001. Participants were slower 
to respond on short SOA trials (M = 1235) than on long SOA trials (M = 780). There was no 




















 There was no significant SOA Proportion x Congruency interaction, (F < 1) , SOA x 
Congruency interaction (F < 1), or SOA Proportion x SOA x Congruency interaction, F(1,16) = 
1.25, p = .279. 
 
Table 15. Case Decision Task RTs and percent error by condition for Experiment 7.  
  RTs   % Error 
  Long Frequent Short Frequent 
 
Long Frequent Short Frequent 
  50 1500 50 1500   50 1500 50 1500 
Incongruent 1265 751 1207 823 
 
5.3 1.1 1.5 0.5 
Neutral 1258 761 1212 788   3.4 1.5 2.0 0.0 
Difference      7     -10     -5    35      1.9     -0.4  -0.5 0.5 
 
Errors 
 There was a significant main effect of SOA Proportion, F(1,16) = 8.62, p  = .010, in 
which participants made more errors in the Long Frequent condition (M = 2.8) than the Short 
Frequent condition (M = 1.0). There was also a significant main effect of SOA, F(1,16) = 10.12, 
p = .006, in which participants made more errors in the short SOA trials (M = 3.1) than on long 
SOA trials (M = 0.8). There was no significant main effect of Congruency (F < 1), SOA 
Proportion x SOA interaction, F(1,16) = 1.96, p = .181, SOA Proportion x Congruency 
interaction (F < 1), SOA x Congruency interaction (F < 1), or SOA Proportion x SOA x 
Congruency interaction, F(1,16) = 1.58, p = .227. 
 
Combined analysis of the overt response Task Set Experiments 
 As with the previous sets of experiments, a combined analysis of the overt Task Set 




 SOA and Congruency were additive. There was no significant SOA x Congruency 
interaction (F < 1), and the Scaled JZS Bayes Factor (8.3) favored the null. The SOA x 
Congruency interaction did not vary significantly as a function of type of Stroop, F(1,92) = 2.76, 
p = .100. The SOA Proportion x SOA x Congruency interaction was also not significant (Fs < 1, 
the Scaled JZS Bayes Factor of 8.7 favored the null). This interaction did not vary as a function 









 For both standard Stroop (Experiment 5) and semantic Stroop (Experiments 6 and 7), the 
SOA Proportion x SOA interaction was significant for both the color naming task and the case 
decision task. These results are in line with Miller and colleagues’ (2009) performance 
optimization account, which suggests that responses on long SOA trials will be shorter in the 
Short Frequent condition than the Long Frequent condition if participants are preparing for 
parallel processing in the former case and serial in the latter. However, it should be noted that the 
pattern in Experiments 5 and 7 differed from previous experiments. There was a greater 
difference in RTs (collapsed across Congruency) on long SOA trials as a function of SOA 
Proportion in Experiments 5 and 7. In contrast, the difference in RTs was greater on short SOA 
trials as a function of SOA Proportion in the previous experiments. This difference could reflect 
a shift in strategy in the present context to one that has a greater effect on long SOA trials. 
There was no significant SOA x Congruency interaction in either Experiment 5 or 
Experiment 6, and the Bayes factor for both of these comparisons positively favored the null, 
suggesting that these two factors were additive. One issue with both Experiment 5 and 
Experiment 6, however, was that the tone task responses were not coded on the majority of short 
SOA trials. Experiment 7 was conducted to determine whether this issue was being driven by 
task difficulty or experiment instructions.  
Experiment 7 was identical to Experiment 6, with the exception that a greater emphasis 
was placed on responding to Task 1 (tone identification) prior to responding to Task 2 (color 
naming or case decision). With the new instructions, participants gave priority to responding to 




consistent with Miller et al’s (2009), and the removal of tone task outlier trials and participants 
did not alter the form of the SOA x Congruency interaction. Once again, SOA and Congruency 
were additive factors. 
Theoretical Conclusions 
 The results of the three overt response Task Set experiments are consistent with Miller 
and colleagues’ (2009) performance optimization account; the SOA Proportion x SOA 
interaction was significant for Task 1 and both secondary tasks.  For Experiments 5 and 7, this 
pattern of results differed from previous experiments, in that the SOA Proportion manipulation 
had more of an effect on long SOA trials than short SOA trials. The different results for the SOA 
Proportion x SOA interaction could be driven by a change in strategy as a result of the increased 
difficulty of the combined paradigms. 
Both the SOA Proportion x SOA x Congruency interaction and the SOA x Congruency 
interaction were not significant in any of the three overt response Task Set experiments. These 
results mirror those obtained in the PRP paradigm experiments, suggesting that the bottleneck on 






 I have covered considerable ground here, so a summary of the results across these 7 
experiments is useful (see Figure 22).  
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Experiment 1 examined standard Stroop in the context of PRP, and Experiment 2 
semantic Stroop. The inclusion of an SOA Proportion manipulation aimed to investigate whether 
performance optimization plays a role in this context (as suggested by Miller et al, 2009) and 
whether there would be evidence of performance optimization at the level of lexical (standard 
Stroop) and semantic (semantic Stroop) processing. The significant SOA Proportion x SOA 
interaction on RTs (collapsed across Congruency) for Task 1 and Task 2 in both experiments 
supported Miller and colleagues’ performance optimization account. However, the SOA 
Proportion manipulation did not modulate the size of the SOA x Congruency interaction. The 
SOA x Congruency interaction was in the wrong direction in the standard Stroop experiment 
(over-additive rather than additive, with a Scaled JZS Bayes factor of 1.2 in favor of the null that 
there is no interaction), and was additive in the semantic Stroop experiment (the Scaled JZS 
Bayes factor of 5.5 positively favored the null that there is no interaction). These results (a 
replication of Miller et al’s results, combined with no effect of SOA Proportion on the size of the 
Congruency effect as a function of decreasing SOA) suggest that semantic activation from print 
is bottlenecked, and that some other factors may be subject to performance optimization. 
An important question that followed from the first two experiments was whether 
performance optimization also plays a role in Task Set experiments. Following Miller et al’s 
(2009) logic, it is conceivable that participants in the Task Set paradigm are also adopting a 
strategy that aims to reduce their TRT. This possibility was explored in Experiment 3 (standard 
Stroop) and Experiment 4 (semantic Stroop). As would be expected following a performance 
optimization account, the SOA Proportion x SOA interaction was significant for both color 
naming trials and case decision trials. This pattern of results is consistent with Miller et al’s, 




experiments, however, the SOA Proportion manipulation influenced the SOA x Congruency 
interaction. Congruency was under-additive with decreasing SOA in the Long Frequent 
condition (the scaled JZS Bayes Factor of 8.8 positively favored the alternative), and additive 
with SOA in the Short Frequent condition (the scaled JZS Bayes Factor of 6.8 positively favored 
the null). This result was surprising, as Miller and colleagues would predict the reverse; that the 
Short Frequent condition should promote parallel processing and the Long Frequent condition 
should promote serial processing. A potential explanation for this pattern of results is that 
participants prepare for parallel processing in the Long Frequent condition to reduce the 
disadvantage on performance that results from an unexpected short SOA trial. Alternatively, it 
could be that the unexpected short SOA trials are slowing participants down enough to allow the 
effect of Congruency to be absorbed into the extra time that is generated.  
In the Task Set experiments, the presence of the three-way SOA Proportion x SOA x 
Congruency interaction, along with under-additivity of Congruency and SOA in the Long 
Frequent condition, and additivity of SOA and Congruency in the Short Frequent condition 
implies that even though semantic processing is able to unfold at the same time as the cue is 
being decoded, it can be put on hold under certain conditions. Additionally, Stroop effects were 
present in case decision RTs in both of the Task Set experiments. This implies that response set 
implementation is put on hold until the cue and target have both been processed. Combined, 
these results demonstrate that semantic processing can unfold at the same time as the cue is 
being decoded, but that whether processing occurs in parallel varies as a function of other factors 
(e.g., attempts to optimize performance). 
The results of the Task Set experiments open the door to some interesting possibilities. 




conditions. If the SOA Proportion manipulation affects whether participants aim to optimize 
performance by putting processing on hold, then it is possible that some effects that have been 
shown to be under-additive with decreasing SOA in a typical Task Set experiment, such as word 
frequency (O’Malley & Besner, 2011), could be additive in a condition in which there are more 
short SOA trials than long SOA trials. Relatedly, it is possible that effects that have been shown 
to be additive in Task Set experiments could be made under-additive as a result of SOA 
Proportion manipulations. 
The different patterns of results obtained in these two paradigms yielded an interesting 
follow-up question. If cue decoding in the Task Set paradigm is equivalent to a Task 1, then why 
was Congruency under-additive in the Long Frequent condition in this context? Did this 
difference result from task uncertainty or the lack of an overt response to the tone? Experiments 
5, 6, and 7 addressed these questions by looking at whether adding an overt response to the cue 
in the context of Task Set would yield additivity of SOA and Congruency. This was indeed the 
case; neither the SOA Proportion x SOA x Congruency interaction, or the SOA x Congruency 
interaction were significant. SOA and Congruency were additive in all three experiments, and 
the Scaled JZS Bayes Factors positively favored the null (Experiment 5, 3.3; Experiment 6, 3.3; 
Experiment 7, 3.9). It seems clear from these results that semantic processing is bottlenecked by 
the overt response to the tone in the Task Set paradigm. The tone must also be decoded in Task 
Set, and a decision about which task to perform must be made based on the information gained 
from the tone, yet the results differ when an overt response is selected. This difference is likely 
driven by the need to select and execute a response to the tone task prior to performing the 




The results of the three sets of experiments outlined in my dissertation are 
straightforward: contrary to the standardly held view, semantic processing is not automatic. 
However, it is useful to bear in mind that it is important to define “automaticity” whenever 
experimental work is carried out and theoretical claims are made. The conclusions drawn here 
(re: automatic processing) apply to the issue of capacity limitations, intention, and performance 
optimization. Other questions, such as whether spatial attention is involved in earlier processes, 
whether earlier processing (e.g., lexical) can be interfered with by other processes, whether 
sublexical phonological processing (as opposed to lexical processing) is capacity limited, are 
distinct issues that have been the subject of other investigations (e.g., Besner et al., 2005; 
Labuschagne & Besner, 2015; Lachter et al., 2004; Lien et al., 2010; O’Malley et al., 2008; 
Reynolds & Besner, 2006; Robidoux & Besner, 2015; Ruthruff, Allen, Lien, & Grabbe, 2008). 
The emerging story is that various aspects of visual word recognition are not automatic in many 
ways, but certainly not all ways (e.g., for a brief review see Besner, Risko, Stolz, White, 
Reynolds, O’Malley & Robidoux, 2016).  
To the future 
 It would be useful if further investigations looked more extensively at (a) skilled versus 
less skilled readers with regard to what forms of attention limit performance, and (b) to what 
extent other measures of performance (e.g., fMRI/ ERP’s) converge with the results of 
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